Abstract In Denmark, the first Action Plan for the Aquatic Environment (I) was introduced in 1987. The target was a 50% reduction in nitrogen emissions to the aquatic environment by 1993. Measures were directed towards the individual farmer and included the establishment of slurry tanks with 9 month storage capacity and obligations to grow winter crops on 65% of the area. In the early 1990s, it was obvious that agricultural practice had not changed towards a more efficient use of manure and fertilisers. Therefore, the Action Plan for Sustainable Agriculture was adopted in 1991, the reduction target being postponed until 2000. The plan set out restrictions on the actual utilisation of fertilisers and manure, obligations for the farmers to submit nitrogen accounts to the Ministry of Agriculture, and a levy system. However, the implemented measures were still insufficient to reach the reduction target. A second Action Plan for the Aquatic Environment (II) was adopted in 1998 and the reduction target was again postponed until 2003. This plan contained a range of measures, including reduced nitrogen standards for crops. The results from the Danish action plans confirm the need for an effective control body, and a continuous monitoring and evaluation programme.
Introduction
Since the late 1970s nitrate concentrations in ground and surface waters have been increasing throughout Europe (Iversen et al., 1998) . Research results have shown that nitrate leaching from agricultural fields is the main source of nitrogen in European waters. High concentrations of nitrogen make groundwater and surface water unsuitable for drinking. In surface waters, excess nitrogen may cause eutrophication. Eutrophication is caused by enhanced emissions of nutrients leading to increased productivity of algae and thus creating oxygen deficiency. Groundwater protection and eutrophication of surface waters have become major environmental issues on the European agenda, giving rise to the Nitrates Directive (91/676/EEC) in 1991 and the Water Frame Directive (2000/60/EEC) in 2000. These directives stipulate that all Member States must implement national action plans, introduce monitoring procedures, and prepare reports for evaluation purposes.
In Denmark, the first Action Plan for the reduction of nutrient emissions to water was adopted in 1987 but improvement in the environment has been difficult to document. This paper describes the experience from the introduction of the Danish policy measures to the agricultural sector and highlights the difficulties in obtaining the reduction target in nutrient emissions.
Background
Agricultural production was intensified in Denmark in the 1960s and 1970s. As in most other European countries, utilisation of inorganic fertilisers and animal feedstuffs with high nitrogen content increased dramatically during that period. The common agricultural policy in the EU guaranteed high prices for cash crops, which enabled farmers in more fertile areas to focus on the production of cash crops. In the less fertile regions, which often have lighter soils, livestock density increased leading to high inputs of animal manure per unit land (Figure 1) . At the same time, due to a lack in better knowledge of the value of animal manure, fertiliser inputs were maintained. This led to high surplus inputs of nutrients to the agricultural areas (EEA, 2001; Sibbesen and Runge-Metzger, 1995) . This development caused nutrient emissions to the aquatic environment to increase.
The Danish action plans
Action Plan for the Aquatic Environment (I), 1987 From the late 1950s to the late 1980s the use of inorganic fertiliser increased from about 100,000 to about 400,000 tonnes nitrogen per year, and import of nitrogen through animal feedstuff increased from about 95,000 to 200,000 tonnes N during the same period (Statistics Denmark, 2001) .
The emission of nutrients to the Danish aquatic environment had increased significantly by the mid-1980s to a state where the ecological effects of eutrophication had become increasingly apparent in most Danish lakes and inshore coastal waters. Eutrophication of open marine areas led to several episodes of oxygen deficiency and algal bloom-induced fish kill notably in the area of Kattegat between Denmark and Sweden.
Therefore, the Danish parliament introduced the first Action Plan for the Aquatic Environment in 1987. This plan included measures to be undertaken in several sectors. An estimate of the total emission of nitrogen and phosphorus was established and a target for a 50% reduction in nitrogen and an 80% reduction in phosphorus emissions by 1993 was introduced (Table 1 ). The reduction in phosphorus was to come from improved sewage treatment plants, industry and from elimination of point sources in agriculture. For nitrogen, the reduction was to come almost entirely from agriculture, the target being a reduction in point sources of 27,000 tonnes nitrogen per year and in nitrogen leaching from the rootzone by 100,000 tonnes per year (Danish EPA, 1990) .
The implemented measures for ensuring this reduction were directed towards the individual farmer and included establishment of slurry tanks with a storage capacity of a minimum of nine months, obligations to grow winter crops on at least 65% of the farming area, and obligations to establish crop and fertiliser plans. The aim of these measures was to pro- mote the utilisation of animal slurry in spring when crops can utilise the nutrients, and secondly to ensure the uptake of residual nitrogen by the growing crops thus reducing soil nitrogen before winter when leaching peaks.
Action Plan for Sustainable Agriculture, 1991 The Action Plan for the Aquatic Environment (I) was designed on the principle that farmers would minimise nitrogen emissions by means of improved agricultural practices. However, although regulations were essentially followed, it was obvious that agricultural practice had not changed significantly towards a more efficient use of animal manure by the early 1990s. As a result, the Danish Parliament decided on an Action Plan for Sustainable Agriculture in 1991. This plan and the following plans deal with nitrogen only as the reduction target for phosphorus had already been attained. The target for reduction of nitrogen emissions to the aquatic environment was maintained but target compliance was postponed until 2000. The Plan prescribed restrictions on the actual use of fertilisers and manure to be implemented stepwise from 1994 onwards. The measures included a nitrogen quota system, i.e. nitrogen standards for crops and requirements for nitrogen utilisation of organic manure. The Plan included the prohibition of bringing out slurry in late autumn and winter, the introduction of obligations for the farmers to submit fertiliser accounts to the Ministry of Agriculture, and the introduction of a levy system for not adhering to the regulations. In 1996, an assessment of the fertiliser accounts showed that the nitrogen quota system was too flexible, and more stringent regulations were introduced in 1997 and 1998.
Action Plan for the Aquatic Environment (II), 1998
Denmark again experienced severe fish kills in the inshore waters in 1997. Furthermore, it was obvious at that time that Denmark would not meet the requirements of the Nitrates Directive. An assessment carried out in 1998 of the effect of the Action Plans showed that the reduction in leaching would be about 66,000 tonnes nitrogen per year when all measures were fully implemented ( Table 2 ). The reduction target of 100,000 tonnes nitrogen per year would therefore still not be attained. In 1998, the Danish Parliament consequently adopted a second Action Plan for the Aquatic Environment, the aim being to achieve the reduction target by 2003. The Plan includes a series of different instruments which can be divided into three main groups (Table 3) : further restriction on the use of fertilisers and organic manure, improved animal fodder utilisation and alternative utilisation of the agricultural area. Some of these measures were introduced with supporting legislation (reduction in nitrogen standards for crops, tightened requirements to utilise nitrogen in animal manure, tightened livestock density requirements, additional catch crops), others were based on the expectation of improvements through the adoption of improved farm management techniques (organic farming, improved fodder utilisation), and yet others were promoted by subsidies (groundwater protection areas, afforestation, wetland restoration) (Iversen et al., 1998) . The Action Plan prescribed a mid-term evaluation to take place in 2000, and a subsequent adjustment of the instruments, if needed. The evaluation showed that the reduction in nitrogen leaching still did not meet the target, mainly because of difficulties in defining unique nitrogen standards for crops, time consuming administration, and financial shortage regarding the provision of subsidies for the restoration of wetlands. Minor adjustments of these measures were therefore politically settled in 2001. Table 3 shows the expected effect of each measure of Action Plan II.
Agricultural monitoring
The evaluation of the Action Plans was based on National Statistics and monitoring data.
When the first Action Plan for the Aquatic Environment was introduced in 1987, the Nationwide Monitoring Programme was initiated covering all aspects of the environment. The aim of this programme was to follow the effects of measures implemented in the Action Plan (Kronvang et al., 1993) . The Agricultural Catchment Monitoring is a subprogramme of the Nationwide Monitoring Programme. It is designed to follow trends in agricultural practice and the loss of nutrients to the hydrological pathway in particular.
The programme is based on seven small agricultural catchments (5-15 km 2 ) located throughout Denmark in order to represent variation in soil type, rainfall and agricultural practice (Figure 1 ). The programme is composed of a yearly questionnaire interview of all farmers in the catchment areas and a measuring programme.
In the interview, the farmers are required to supply information on livestock, manure 
production, storage capacity, crops, application of fertilisers and manure at field level, use of pesticides, yields and cultivation practice. The purpose is to follow trends in agricultural practice and to establish a data set for modelling nutrient leaching from fields and for designing scenarios. The measuring programme consists of water analysis of root zone water, upper ground water and stream water. The aim is to document changes in water quality and to provide data for setting up hydrological modelling (Blicher-Mathiesen et al., 2002) .
Evaluation of the Action Plans
During the first years of the Action Plans there was little change in agricultural practice, but from 1994 there was a steady decrease in fertiliser utilisation (Figure 2 ). During the period 1985-2000 the utilisation of nitrogen and phosphorus fertilisers at the national level decreased by 37% and 64%, respectively.
Manure spreading time
The turning point in 1994 was partly due to the requirement of farmers to build slurry tanks by the end of 1994 with storage capacities of at least nine months, and the prohibition of bringing out animal slurry in late autumn and winter. The effects of these measures are demonstrated in the results of the agricultural monitoring programme where spring application of organic manure increased from about 55% in 1990 to 85% in 1996-2000 ( Figure 3 ).
Nitrogen quota system
The nitrogen quota system introduced in 1994 also appeared to be efficient. Each farmer has to work out a farm nitrogen quota based on his crop acreage and the nitrogen standard for each crop. The nitrogen standards are revised annually by the Ministry of Agriculture. Action Plan II stipulated nitrogen standards to be reduced to 10% below the economic optimum. The nitrogen standards refer to the effective nitrogen, i.e. immediately available for plant growth. All nitrogen in inorganic fertilisers is regarded as effective. For organic manure only part of the nitrogen is readily available for plants (Table 4) . Thus utilisation of fertiliser nitrogen and the required utilisation of nitrogen in organic manure is not to exceed the nitrogen quota at the farm level:
Fertiliser N + required utilisation of N in organic manure ≤ farm N quota (1) This system implies that when the crop nitrogen standards are reduced or the required nitrogen utilisation in manure is tightened then the inorganic fertiliser utilisation must be reduced by an equal amount. The requirement of utilising nitrogen in manure has been tightened throughout the period of the Action Plan for Sustainable Agriculture and Action Plan II (Table 4) . The Mid-term evaluation of Action Plan II, however, showed a lower reduction in nitrogen fertiliser utilisation than expected. Data from the agricultural monitoring programme and the fertiliser accounts reported by farmers to the Ministry of Agriculture revealed that many of the farmers did not use their nitrogen quota fully, and the measures could be tightened without these farmers having to reduce their nitrogen consumption (Figure 4 ). This is due to considerable individual variation in farming practices and traditions. In order to obtain the necessary effect of the nitrogen quota system it is therefore necessary to carry out regular evaluations and adapt the regulations accordingly.
Environmental effect
The environmental effects of the Action Plans have been assessed by modelling nitrate leaching from agricultural fields. This has been done by means of an empirical model and from monitoring data on agricultural practice at the field level. The applied model was first R. Grant and G. Blicher-Mathiesen Figure 4 Theoretical nitrogen quota for the agricultural area in Denmark, and the nitrogen quota and consumption of effective nitrogen reported by the farmers to the Ministry of Agriculture following the implementation of the nitrogen quota system in 1994 developed in 1991 (Simmelsgaard and Djurhuus, 1998) and revised in 2000 (Simmelsgaard et al., 2000) , based on measurements of nitrate leaching obtained partly from the agricultural monitoring programme and partly from other research programmes in Denmark. The development in nitrate leaching as indicated by the model and by using a standard climate in the seven agricultural catchments showed a reduction of about 32% from 1990-2000 ( Figure 5 ). It is extremely difficult to estimate the nitrate leaching from the entire country. In the late 1980s it was estimated, with great uncertainty, that nitrate leaching at a national level was 230,000 tonnes N per year. This estimate has been maintained to date and it is assumed that the reduction at the national level is equivalent to that of the monitoring catchments. Allowing for a 4% decrease in total agricultural land it is estimated that total nitrate leaching in Denmark was reduced to 150,000 tonnes in 2000, a reduction of 35%. This trend is equivalent to the trend in net input of nitrogen to the fields ( Figure 6 ) and also to the trend in the uilisation of nitrogen fertiliser (Table 1) .
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Discussion
Reducing diffuse nitrogen leaching from fields is simply a matter of reducing the difference between total inputs and outputs, and effective measures are available to support reduction. A significant reduction in the production of livestock and manure could be an efficient instrument. This would however affect farming income rather severely. High taxes on nitrogen could also increase the utilisation of manure and reduce the utilisation of inorganic fertilisers. However, neither of these measures were politically acceptable in Denmark and other instruments were selected.
A nitrogen quota system and a regulation of the use of animal manure were the instruments selected in Denmark. Thus, within the frame of Action Plan I and Action Plan for Sustainable Agriculture the handling of animal manure was improved to the extent that the utilisation of inorganic nitrogen fertilisers could be reduced by about 30% without any reduction in livestock production or crop production. The improved use of animal manure may also have had a positive effect on the utilisation of phosphorus, the consumption of inorganic phosphorus fertilisers being reduced by about 60% during the same period (Figure 2) .
Although the fertiliser regulations led towards an improved situation, it was obvious that the national target for nitrogen emission and fulfilment of the Nitrates Directive could not be achieved. Therefore Action Plan II introduced restrictions to crop production in 1998. Nitrogen standards for crops were set at 10% below the economic optimum and targets were introduced for conversion of agricultural land into organic farming, groundwater protection areas, afforestation and wetlands.
According to the first Action Plan the target for reduction in nitrogen emissions was to be achieved by 1993; this date was deferred to 2000 and again in the latest Action Plan to 2003. This clearly documents that it has been a difficult and slow process to reduce agricultural nitrogen emissions. It can be summarised by saying that the limited success of Action Plan I and the Action Plan for Sustainable Agriculture was mainly caused by inadequate measures, due to lack of scientific knowledge and, to some extent, lack of political will. Furthermore, the introduced measures were implemented by the farmers at a much slower rate than expected. These difficulties arose because the implementation of various measures severely interfered with agricultural practice and production, and with the economy of individual farmers, and also because different measures affect individual farmers differently.
The policy measures to date apply equally to all farmers in the country. Implementation of the Water Frame Directive will be a further challenge, as this will need differentiated measures in different water districts.
Conclusion
The experience gained from the Danish Action Plans for the Aquatic Environment clearly demonstrates that regulation of fertiliser utilisation and utilisation of animal manure is an effective measure in reducing diffuse nitrogen emission from agriculture. However, it also demonstrates the complexity of defining an efficient regulatory system, which will allow for individual needs and farming conditions. Finally, it confirms the need for an effective control body, and a continuous monitoring and evaluation programme.
